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Abstract

The conventional 1oﬁ-denaity isolated-resonance theory for the
intensities and widths of the 22°2%°° + 1s2% and the 1s21°2¢°° » 1322!.
. dielectronic satellite lines has been generalized to take 1into account
- 'angular-momentum-changing electron collisions and the interaction between
. _' the atouii:_ system and the quantized radiation field. The electron .
collisional transitions alter the population densities of the autoionizing
levels, while the atom-field interaction modifies the relative
probabilities for autolionization and radiative decay. The modifications to
the conventional low-density expression for the satellite line intensities
may be interpreted as Iinterference between the resonant and non-resonant
electron—-continua together with radiative corrections. These modifications
have been expressed in terms of the unperturbed decay rates, the
photoionization cross sections, and the Fano line-profile parameters.
Using ttio transition probabilities obtained from two different relativistic
atomic structure codes, the K-shell satellite line intensities and widths
have been calculated for argon as functions of temperature and density,
taking into account both dielectronic recombination and inner-shell-
electron oollisional excitation. The combined effects of relativity,
radiative correetionﬁ. and ansuiar-nomentum-changing electron collisions
are predicted to be most significant for radiative transitions from the
Zp2 3? and 132p2 2? metastable autolonizing states, which give rise to e
satellite linea that are relatively weak at low densities but are among the
most prominent spectral features in high-density plasmas.






I. Introduction -

It was first established by éurgess‘_' that dielectronic recombination
is the dominant recombination ‘mechanism for multiply-charged atomic ions in
low-density high-temperature labaratory and astrophysical plasmas. The
dielectronic recombination process often gives rise to prominent satellite
lines in the far-ultraviolet and x-ray emission spectra of both low~
density?*3 and high—density®*3 plasmas. Wnen - these satellite lines are
spectroscopically resolvable from the 'a.ssociated resonance line of the
recombining 1ion, they ocan be utilized. for the determination of the
temperature, 'donsity. and state of ionization. - While simplified
calculations® are expected to be adequate for the evaluation of the total
recombination rate resulting from the multitude of satellite transitions, a
detailed treatment, which is based on a rigorous quantum-mechanical theory,
is obviocusly required for the accurate interpretation of the resolvable
dielectronic satellite spectra. The present investigation has been devoted
to the evaluation of improved quantum-mechanical exprossions7 for the
satellite line intensities and widths. o

In order ¢to develop a r:lg.orous quantum-mechanical theory of
dielectronic recombination, it is necessary to treat in a unified manner
both the interaction between electrons and the interaction between the
atomic system and the qQuantized radiation field. This unified treatament
can be accomplished by utilizing the methods of multi~-channel collision
theory and quantum electrodynamics. Unified quantum-mechanical treatments
of electron-ion recombination aécompanied by photon emission, which -
describe both the resonant and non-resonant recombination processes
together with their interference, have been presented by Davies and
Seatons. by Bell and Seatong, and by Shor-e:'o. However, approximations to
the scattering matrix have been used in thes'e investigations, leading to
expressions in which the autoionization and radiative decay rates are
additive.

Armstrong, Theodosiou, and Wall'! were the first to investigate the
effects 'of the electromagnetic interaction between the final continuum
states which result from the autoionization and radiative decay modes.
They demonstrated that the final-state interaction can alter the Kuger and
fluorescence probabilities. They were able to recast the expressions for



the pcrturbed. decay probabilities into the familiar branching-ratio forms
by introducing effective decay rates, which can be expressed in terms of
the unperturbed decay ratea and the matrix elements that describe the
nonresonant photoionization and radiative roeonbmuon processes. The
results obtained by Armatrong, Theodosiou, and Hall" were subsequently
rederived by Haan and cOopor1z. using elegant Méller scattering-operator
techniques, and shown to have a wider region of validity than originally
recognized. The theory of this final-state interaction-has recently been
extended’! to take into account the angular-momentum degeneracy of the
atomic levels and the multiplicity of angular-momsntum components in the
partial-wave expansion for the electron-continuum state. The isclated-
resonance approximation was then employed to obtain mdined oxprcsaions'
for the intenaities of the satellite 1lines which are produced by the
radlative decay of autoionizing states of multiply-charged ions in low-
density plasmas.

In the conventional corona-model theory of dielectronic satellite line
intensitiea!3*1%, unich 1s valid for sufficiently low plasma densities, it
is assumed that all excited states of the atomic system are depopulated
only by autoionization or spontaneous radiative decay processes. The
autoionizing state [a> of the fon X*(Z) witn residual charge z can be
populated either by the radiationless electron-capture process

x 1 (1) + &7 + 2P (@) )

or, alternatively, as a result of the inner-shell-electron collisional-
excitation process

x*(F(v) + &7(gy) » x"Fa) + &7(ey. (2)
If the decay rate for the spontaneous radiatively stabilizing _tra.nsition
3 () + x*® (1) + K w (3)

is denoted by Ar(a + f), the rate per unit volume of photon emission in
the satellite transition ja> + |f> s given by

-



I(a+f)= 'Ar(a - f)

Cc___(ic, » a) N(L) N* C (b =+ a) N(B) N :
ca i e e e
f KﬁTTghT ' ’E MO Wy )

where the electron-temperature~dependent capture and inner-shell~electron

collisiomal-excitation rate coefficients are denoted by ccap“'i '+ a) and
c.(b + a), respectively, and the decay rates resulting from all per-
missible autojonization and spontaneous radiative emission processes are
denoted by A (a) and A.(a), respectively. The number densities of ions in
the states [i> and |b> are denoted by N(1) and N(b), respectively, and N,
is the electron density.

The conventional éoronu—model theory of dielectronic satellite line

intensities has been saneranzed!5 to take into account the electron

collisional transitions

x* ) (a) + 67(e)) + X @) 407 (e, 0. o

Burgsss and 3umers'_'6 first suggested that the intensity of the
unresolvable dielectronic recombination satellite lines could dbe enhanced
by angular-mmentun'-changins collisions involving the Rydberg autoionizing
states. A significant amplification in the mresolvabie dielectronic
reeombf.nation satellite intensity has now been predicted by two independent
calculationa?"'fa in which account was taken of the collision -processes
induced by plasma ions, and also by an alternative treatment?g of plasma-
density effects, in which the quasi-static action of the plasma ions was
described by a uniform static electric-fileld distribution. The generalized
theory of dielectronic satellite intensities has predicted!® that the
Plasma electrons are capable of amplifying the intensities of the
resolvable satellite lines, which are produced by radiative transitions

from the low-lying autoionizing levels. We now present a unified treatment

of angular-momentum—~changing electron collisions and radiative corrections
for resolvabl'e satellite spectra.



The remainder of this paper is organized in the following manner. In
Section Il., the theory of the final-state interaction is reviewed and
expressions for the altered autolonization and radiative decay

probabilities are presented. The isolated-resonance approiimauon is then -

employed to obtain the modified expreasions for the satellite 1line
intensities produced by dioloctl_'on:le recombination and inner-shell-electron
collisional excitation in low-density plasmas. The theory of electron
collisional transitions is discussed in Section 1III., where generalized
expressions are obtained for the satellits line 1nt_ana'1uos resulting from
radiationless electron capture and collisional excitation of an inner—shell
electron. The theory of the satellitse line shapes is then developed in the
isolated-line approximation, taking into account the same autoionization,
radiative decay, and electron collisional processes which are included in
the determination of the population densities of the autoionization
levels. The description and results of our calculations are presented in
Section IV., vhere the importance of radiative corrections is discussed for
satellite line intensities in both low~density and high-density plasmas.
Finally, our conclusions are presented in Section V. '

II. Theory of Radiative Caorrections

We consider an excited state |a> of an atomic system which can decay

either by an autoionization process to a stats |i> of the residual ion,

emitting an electron with momentum i;. or by a spontaneous radiative
tranasition to a state |f>, emitting a photon with momentum i:. The direct-
product states denoted by ja,0>, |15. 0>, and (f, k> are eigenstates of
the unperturbed Hamiltonian H°. which is the sum of the unperturbed atomic
Hamiltonian H, and the Hamiltonian Hp for the free radiation field. Within
the restricted subspace of this one-diacrete-level two-continua basis, an
exact closed-form solution can be obtainod""z for the eigenstates of the
complete Hamiltonian consisting of the combined atomic and quantiZed-
radiation-field Hamiltonians plus the atom-fleld interaction H,p. This
electromagnetic interaction couples the final-state continuum channels

corresponding to the unperturbed autolonization and radiative decay .

modes. Armstrong, Theodosiou, and Wall"? first derived the modifications



to the Auger and fluorescence branching ratios which result from this
final-state interaction. An.essential new feature of their approach is the
unified treatment of the interactions responsible for autoionization and

for radiative decay.

A. Autoionization and Radiative Decay Probabilities

The spectral' amplitudes deacribing the autofonization and radiative
decay processes are given by the projections of the unperturbed initial
autoionizing state onto the eiact, continuun eigenstates of the complete
Hamiltonian which satisfy the required incoming spherical-wave boundary
conditions. If the electron-spin projection and photon-polarization
quantum numbers are denoted by m, and 1, respectively, the exact
autolonization and radiative decay probabilities may be defined by

c13p|<1.3n|=.0"|a,0>|2

Plaste,) »Z £ & | = (6)
a i (2 _+1) )
Ha ',’1 lns | a .
and
3 > - 2
P (ast) = [ © | SKISEKA 13,001 (1)
- r M, Mg A J (2d,+1)

which are averaged over the initial magnetic substates specifled bdy "a'
summed over the final polarizations, and integrated over the final momenta.

The conventional expreasions for the Auger and rluoreséence branching -

T d

ratios are simply given b¥?3'?n
Aa(a*lei)
P (a*te,) = A, (a+ie, ) + A _(asf) ®)
and
A _(a»f)
£ (9)

P (a*f) - ’
r - Aa(a-lei) + Ar(a+r)

where Aa(a-riei) and. Ar(a-»r) are the autoionization and radiative decay
rates in the absence of the final-state continuum-continuum i{nteraction. -
If we now denote the exact branching ratios and the effective decay rates



in the prasence of the final-state interaction by using the tilde, the
exact branching ratios may be expressed in the same familiar forms

- I‘(l"ll: ) _
B (asie,) = = . : €10)
A (asie ) + A (asf) '
and .
- i (asf) :
P (asf) = = . (1)

i (aste) + Ir(a-t)

For the problem with one discrete level and two continuum channels,
the effective decay rates which are obtained in the pole approximtion!z
can be expresssd in the fom7

A_(a+ic,)

- a i 2
Aa(a-deI) - !z (y
2 Ar(l*f) ( y ¢ 1 ) Ar(l*f) ] (12)
- + (¥=1 14— :
Q7 A, (a+ic,) T Rleted 0 '
and
- Ar 1 )
Ar(l*!') -=3 [1+.—2'] . (13)
' -. qr - .

The continuum—-continuum coupling para.fnef.er ¥ may be related to the cross
section for photoionization from the state |f> or, alternatively, to the
cross section for the inverse radiative recombination process It
|1$. 0> » |r.|'2>. The multichannel Fano line-profile paramterzo is
denoted by Qr._ ' In Section 1V, the paramsters ¥ and Qr will be defined in
terms of the various transition matrix elements. When the final-state
interaction involves only a single tera in the pai-tla;-uave expansion for
the electron-continuum state, the expressions obtained for. the effective
decay rates can be reduced to the results derived previously.!!'!z In
general, the expressions (12) and (13) contain terums corr-espond.ing to the
intorfqrenco between diffdrent parﬁial-wave components of the electron-
continuum state. .

In order to treat the most complex dielectronic recombination process
which can occur in a plasma, the theory of the Auger and fluorescence



probabilities must be further extended to allow for autoionization into a
set of states |[i> of the residual ion and .also for spontaneous radiative
transitions into a set of ri.n'a:l. atomic states [£>. These generalizations
have been previously reported.""? and we will 'require in the present
investigation only the extension of the thiory for several photon—continuum
states |f, KA. The Auger and fluorescence branching ratios in the

g St
presence of the final-state interactions are now expressible in the forms
- X_(asie,)
P (aste,) = = 21 (18)
A (arig,) + T A (as1) .
e T
and
- A (as1)
F.(asf) = = — . (15)
] .
A (arie,) + L A (asf')

rl
When the continuum~continuum couplings involve only a single term in the
partial-wave expansion for the electron-continuum state, the effective

decay rates are given by7'!1_
A_(a+ic,) A_(a+r)
i taste,) = 2—L (1of—rLl——1 L 1% (16)
a’ 1 !2 . Aa(a-'iei) ¢ Qr )
and
A _(a»r) A (ef') Q.-Q,,
i (asf) = £ (st ¢+ t—o L <=£51% . an
r '2 Q? ) AaTa-»ici) £ Qr, Qr ) .

B. Dielectronic Satellite Line Intensities for Low-Density Plasmas

In order to determine the spectral line intensities associated with
the radiative decay of autoionizing states of atomic ions in plasmas, it is
necessary to take into account the collision processes by -means of which
these states can be excited. Although photoexcitation processes are
expected to be important in 'the presence of intense radiation flelds,
autoionizing states in most 1laboratory and astrophysical plasmas are
produced predominantly by electron-ion collisions. The evaluation of the
scattering matrix for the resonant electron-ion collision process is most
easily carried out in the Breit-Wigner isolated-resonance approximation, in



which thé'line width is assumed to be small in comparison with the energy

_separation Dbetween adjacent levels. In the isolated-resonance

approximation, the resonant cross section for recombination accompanied by
radiative emisaion can be exp:"esaed 4s the product of the radiationless
electron-capture cross section and the probability of decay into the
photon-continuum channel. )

In the dielectronic recombination process, the autoionizing stati |®
is excited by the radiationless electron-capture process represented dy Eq.
(1), which corresponds- to the inverse of sutoionization. If the rate
coefficient describing the radiationless electron-capture process in the
presence of the final-state interaction 1s denoted by Ec ‘p(icin). the
rate of radiative emission per unit electron density is given by the

dlielectronic recombination radiation rate coefficient
EDR(1:1+a»r) - Ec‘p(ie1¢a)ir(a¢f) . (18)

where Fr(l-'r) denotes the probability for radiative emission during the
satellite transition a+»f in the presence of the final state interaction.
For a Maxwellian distribution .of 1incident electron velocities, the
radiationless capture rate coefficient can be expressed in terms of the
auto:;nizauon rate K'(aoul) by means of the detailed balance relation—
ship

3/2 (ZJ‘H) EH

- . 3 3
ccap“‘j.") -2 ar P63 2"1"‘ (_kBTe

)3/2

(19)

X exp [- E(a);E(l) ] Ea

(a+ic,) .
e i

An additional mechanism for populating the autoionizing state ja> is
the electron-impact excitation from the bound state |b> of the atomic
system. The transition [b> <+ (a> corresponds to the excitation of an
inner-shell electron. If the electron-impact excitation rate coefficient
is denoted by E‘(b-ba). the radiative emission rate per unit electron
density is given by the inner-shell-electron excitation radiation rate

coefficient
C (beasr) = € (bea) P (avr) . . (20)



In the calculations reported in our investigation, the collisional
excitation rate coefficients c (b+a) in the presence of the fimxl-state
interaction have been evaluntod in the Bethe am'.vr-cmil.mal:i.cm21

- 32 3/2 (2.1 1) 8,372 -
.cr(b‘a) "3T ZJ 1) (—) [AB a-vb):|

2y T,

3 (ash) (B o b) * ke
&) ((10d) exp L~ St . g [95—;;-‘—"11} : (@1)
' e . e . )

which involves the .perturbed spontaneous emission rates 'y l.(a-»!») for the
electric-dipole transitions [a> +» |b>.

The total low-density dielectronic satellite line intensity I(a+r)
produced by both radiationless electron captures and inner—ahell-electron'
collisional excitations is therefore determined by evaluating- the
expresaion obtained from Eq. (4) after all spontaneous decay rates and
collisional-excitation rate cberfibients have been replaced by their values
in the presence of the final-state interaction.

III. "rheorz of Electron Collisional Transitions

The effects of electren-induced collisional transitions between the
autolonizing levels have been investigated for helium-like satellite lines
by Vinogradov, Skobelev, and mkcnr22 and by Seely.23 The analogous
collisional processes in lithium-like ions have been téken into account by
Jacobs and Blaha.!s Duston et. al.zu have recently calculated the
intensities of both the helium-like and the lithium-like satellite lines,
taking into account these electron collisional transitions as well as
electron collisional ionization and recombination processes involving the
autoionizing levels, which can appreciably alter their populations only at
very high densities. In this section, we present an extension of the
approach described t;y Jacobs and Bla.ha?s in which we treat the combined
effects of electron collisional transitions and radiative corrections for
both helium-like and lithium-like satellite lines.



A. Dielectronic Satallite Line Intensities

The total rate W(a+a') describing transitions between the autoionizing
levels resulting from collisional and spontanecus radiative processes is

given by

V(a+at') = N.C'.(lﬂ') + 3

I ﬁhph(a¢a') . A,(af--) o(E-E '), (22)

where C, (a+a') is the electron collisional rate coefficient and Cy(a+a')
denotes the rate coefficient for collisions induced by heavy plasma ions
with number density llh: The radiative transition rate L‘.(a-n') contributes
only when the argument of the 6 - function is greater than zero. In the
present invesatigation, the Bethe approx;ution.z! given by Eq. '(21). has
been employed to take into account all electron collisional proeessa.a which
correspond to electric-dipole transitions; and the radiative tra.l_:lsition
rates have also been included, even though their effect is negligible for

" these An=0 transitions. The most important electron collisional processes

correspond to dipole t.t;ansitions involving a change in the orbital-angular-
momentum quantum number of one of the outer electrons, and the relevant
transition energies are large enough to Justify ocur neglect of ion—-induced
collisions.

If we ignore self-abscrption of the satellite radiauonzs by the
plasma, the total rate of radiative emission per unit volume in the

satellite transition a+f may be expressed in the rorm!5

I(asf) = T app(ic,sast) N(1) N_ + I C_(bemsf) N(b) N, ,
i b
(23)

which represents an extension of Eq. (4) to take into account the
transition rates given by Eq. (22). The generalized emission rate
coefficient for dielectronic recombination radiation is obtained in the
form

-1
Spa (1:1+a-r) - i' Ar(a*f)Q .(a,a') Ccap(ici-va') . (2u)
while for the radiation which is emitted following collisional excitation

10



of an inner-shell electron, the analogous resul:t is given by

cr(m-pf)'- T Ar(a-r) Q-l(il.a') C (b+a') ° (25)
a' ) ¢ '

The non-diagonal elements of the transition rate matrix Q are defined by

.Q(a,a’) = -}(a'+a) , a » a' -, - . (26)

while the diagonal elements are given by

Q(a,a) = ¢ A.(vici) + I Ar(a-»f) +I N.ce(a-»f) + I

W(a+a') .
i b o f a'=a .

(27)

Radlative corrections can now be included by introducing into the above
equations the effective autoionization and radiative decay rates defined in

Section II.

B. Dielectronic Satellite Line Shapes

For the accurate- theoretical prediction of the entire K-shell
radiaf.iv& emission spectrum, it is necessary to determine the aspectral
intensities for all dielectronic satellites which are associated with the
resonance lines of the hydrogen~like and helium-like ions. 1In addition,
the analysis of the Stark-broadened26 profiles for resol;rabl-e satellite
lines may provide a spectroscopic deter.mination of the densities in laser-
compressed plasmas. For very dense plasmas and for blended fine-structure
compohents, it ma-y be necessary to employ an overlapping line-shape
theory. We have investigated the entire K-shell satellite spectrum arising
from the h-z transitions in the 1isclated-line approximation. Our objective
has been to systematically take into account all sat‘ell:lt'e lines arising
from the radiative decay of the autoionizing states 28'2" and 1s22'247,
allowing for electron-impact broadening. A future extension .or this
investigation will be devoted to the inclusion of the quasi-static Stark
broadening resulting from the ion-produced electric microfields.

In the 1isolated-line approximation.27 the emission spectrum produced
by the radiatively stabilizing transitions a+f. can .be represented in the

1



form

clw) = 1.— LI NGa)A (aor)l..(a-r.u) . (28)
af.

which gives the pt.:wer radiated per unit volume and per unit solid angle and
angular frequency intervals. In the absence of Doppler hroadening, _
L(a*f,w) are the froqmnqy;narmizad Lorentzian line-shape functions,
which are characterized by frequency-dependent 1line widths r‘f(u) and
shirts A‘r(u): However, t_hose mqmnq dependences have been neglected
in our calculations. We have evaluated the lowest-order nonvanishing
contributions to the line widths which arise from all permissible
autoionization and spontaneous radiative emission processes as well as from
both elastic and inelastic electron collisions. A 3self-consistent
treatment has been accomplished by taking into acco;mt all of these atomia
processes in the determination of the population densities N(a) of the
autolionizing levels,

The entire emission spectrum produced by the dielectronic satellite
transitions in a plasma may be represented, according to Eq. (28), as a sum
of convolution integrals involving the Lorentzian line sha;;e functions and
the Doppler broadening functions. In a future investigation, the
Lorentzian un'o shapes will be eviluated as functions of a quasi-static
lon-produced electric field and then convolved with a suitable electric-
microfield distribution function to provide the complete Stark-broadened
profiles for the dielectronic satellite lines.

It is well known that autolonizing states are not true eigenstates of
the unperturbed atomic Hamiltonian HA' However, they may be treated as
eigenstates of the projected Hamiltonian (1-P)HA(1-P), where P denotes the
projection operator introduced by Feshbach. 28 The operator P projects a
given atomic state onto the subspace of the open-channél slectron-continuum
states describing the nonresonant electron-~ion collision proceas. The
projected interaction (1-P)HAP, which {s responsible for autoionization,
produeos the asymmetric line-shape first investigated by Fano.29 It can be
easily demonstrated that the asymmetric line-shape function reduces to a
Lorentzian in the limit of large values of the Fano line-profile parameter
QF' In the or.xe-discre:e-level two—continua model, the interference between

12



the unperturbed autolonization and spontaneous radiative decay modes is
important only for amall values of Qp. In the more complex cases of many
autolonization or radlative decay mod-es."'!? this. interference effect can
be significant even for large values of Qp. Knowledge of the Qp-values for
all radiatively stabilizing transitions is.clearly required for the precise
determination of the dielectronic satellite spectrum. )

The evaluation of the satellite line width r,r to the lowest non-
vanishing order in the various interactions leads to the result??

SR IR C ] '
Tyr = Tae * Tap * Tag * Tio » - (29)
which 1s simply the sum of the partial line widths arising from
autoionization processes, spontanecus and induced radiative transitions,
and electron collisions. The partial line width due to autoionization 1is

most generally given by

rA

ap = I A (avie) ¢ DA (fo3e) (30)

1 J

which is the sum of the autolonization rates connecting the upper and lower
levels a and f with the respective open electron-continuum charmels iey and
Jej. For the radiatively stabilizing transitions considered in the present
investigation, the lower levels f are not subject to autoionization. The
partial line width due to spontaneous radiative transitions is given By

SR v
e = g' Ar(a¢r') + g' Ar(r+r ) (31)

vwhich is the sum of the spontaneous emission rates from the upper and lower
levels comprising the satellite line asf. The partial line width I'., can
be expressed in terms of the transition rates for the induced radiative
emission and absorption processes. The induced radiative processes have
not been included in the preseni: calculations. The inclusion of the
electromagnetic interaction between the unperfurbed autoionization and
spontaneous radiative decay channels produces a small r-edut'.!t:i.on!2 in the

A . _SR
combine_d natural width rar + r“.

13



The evaluation of the loweat-order xionvanlshing contributions to the
partial line width describing b.l.nar-y olectron-lon collisions leads to t'.hl
result.z"

C
r «=f NC ') + ¢ lle'
“."..(a-a) L (£-r*)

- . (32)
+<[any () - fr(0)|z>tv_ .

which is the sum of the inelastic transition rates N,C (a'n') and
H c (L") dcp].ottns the upper and lower levels and the avoraso Ogye OVver
thc distribution of electron velocities V » of an integral involving the
square of the difference between the elastic scattering amplitudes f,(2)
and fo(Q2). It should be emphasized that this relationship has beea derived
within th; framework of the impact and binary-collision approxintions.zs
in which the duration of an electron-ion collision is assumed to be short
compared with the radiative lifetime and the radiating atomic system is
assuned to interact only with a single perturbing electron during the
collision process. The expression (32) for the collisional contribution to
the satellite llrie width is clearly analogous to the formula for bound-
bound radiative transitions which has been derived by Baranger.”"sz

The systematic determination of the complete K-shell dielectronic
satellite 1line spectrum would appear to require the acquisition of an
enormous amount of atomic energy-level and transition-probability data.
Even for the simplest case of the 2.'2%" + 1s2% satellite transitions ixi
helium-like ions, the number of Ja » Jr rine—structure components which
are permissible according to the electric—-dipole selection rules is 22. It
is particularly important to introduce simplifying approximations roﬁ the
large number of electron collisional transition rates which are needed in
the calculations. The collisional transitions between the closely-spaced
n=2 levels are expected to bDe the dominant Lnelasi'.ic scattering
processas. The Bethe approximation-given by Bq. (21) should provide an
adequate repmontat:lon for these electron-ion collision rates in the most
important region of the scattering cross sections, which corresponds to
incident electron energies that are several times the threshold values.
The Bethe approximation obvicusly cannot be employed for eollisionai
processes which do not correspond to electric-dipole transitions. For
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collisional processes connecting autoionizing levels in helium-like and
lithium-1like ions, the dipole transition rates have been roundfs'z" to be
at least two orders of magnitude larger than the non-dipole transition
rates in the important temperature region. ' '

In order to ‘obtain the total line width describing electron-impact
broadening, it is necessary to evaluate the elastic-scattering
contribution. Grien33 has estimated the eiastic-scattering ternm 'by
extrapohtiné the eléctrie-d:l.pole collisional-excitation cross sections to
zero—values of the incident electron energy. It is apparent that this
extrapolation procedure ‘can provide an 'estimte for only the resonant
elastic—scattering process, which corresponds to autoionization following
radiationless electron capf.ure.” Both the ordinary non-resonant elastic-
collision contribution as well as the interference term in Eq. (32) are
ignored in this extrapola;ion procedure. Nevertheless, we have 'r:entatively
adopted this method of osﬂutins the' elastic-scattering contribution in
our calculations. A more detailed evaluation will require a very great
effort.

IV. Description and Results of the Calculations

Provided that self-absorption of the dielectronic satellite
radiationzs can be neglected, the entire satellite spectra produced by the
n=2 transitions can be determined from the generalized emission rate
coefficients for dielectronic recombination and inner-shell-electron
collisional excitation together with the total line widths resulting from
all autoionization processes, spontaneous radiative transitions, and
electron collisions. The total satellite line intensities, which are the
result of both eléctron excitation mechanisms, have been evaluated by
utilizing the population densities of the ground and singly-excited bound
states that have been determined by a detailed collisional-radiative

equilibrium modell.zu

15



A. Ungerturbed Decay. Rates and Electron-Collisional Rate Coefficients

The n=2 autoionizing levels together with electric-dipole radiatively
stabilizing transitions are schematically illustrated by the energy level
diagrams shown in Figs. 1 and 2 for the helium~like and lithium-like ions,
respectively. The various fine-structuré components of the satellite
transitions in the helium-llke ion have been idemtified according to a
numerical schems, which differs from the abbreviated notation employed by
Duston et al.2" For the classification of the satellite lines in the
lithium-like .fon.- the widely-used alphabetical designation first introduced
by Gabrul!3 has been adopted. Since relativistic corrections to the
radiative- and radiationless-transition opsrators can be taken into account
only when the atomic states are represented according to the total
electronic angular momentum J, it is necessary to employ the J=-
representation in arder to investigate relativistic and radiative
corrections to the spectral line intensities.

In the absence of the final-state continuum-continuum interaction, the
autoionization and snontanecus radiative-decay rates may be evaluated bdy
means of the familiar exprossions7

: 2r 2
A (asic,) 'm E‘ [<VIg LIV Iy s Keg2s 3,3 (33)
and ' 2
P AL a0
r 3k C a . )

The continuum—-continuum coupling parameters can be exp}esaed in the form

a1+ o ) I ("'-2)2 I—--T(Z'If+!) o (f+ie,; J.), (35)
. Z‘I'I: t By (2% p 1" s
where the partial photoionization cross sections are g.iven by-
Bv o fu
cp(f * lggs Jg) = '37'27’—*1—)
1ch. 1€y dys Ke, &5 J, ||3|| YrJr.>|2 . (3_6)
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In order to evaluate -the 'radiative corrections for the most complex
multichannel processes, it is necessary to determine the Fano line-profile
parameter by using the general definition?®

' (Zi‘+1) |;Y.Ja||5||TrJr>|

- .  (37)
EL<Y.J‘||V||71J1. K:IL; Ja><YiJ1.'Ktil; Jallsllvaf?

Q

which involves the phases of the various interaction matrix elements.

The effective interaction V between electrons can be described, in the
lovest nonvanishing order of quantum electrodynamical perturbation theory,
by a second-order process which involves the virtual emission and
absorption of a photon. If the radiation field is specified using the
Lorentz gauge, the evaluation of the second-order S-matrix ylelds the
effective interaction operator in the Mdller form35 '

: - exp(ikr, )
Ve § (1 -a .;J) —r—ij—-. (38)
1 1} .

which includes both the retarded Coulomd interaction and the relativistic
current-current interaction. The Dirac matrices. are denoted by ; » and
the wave number of the virtual phaton 1s designated by k. If the radiation
field is alternatively specified using the Coulomb gauge, the effective
interaction operator V can be written as the sum of the electrostatic and
generalized Brelt operators.

The electric-dipole moment operator ] deséribes the flrst-order
process which results in the emission of a photon in the atomic transition
a-+f. The first-order S-matrix c¢an be evaluated by well~known
techniques35 using the relativistic atom-field interaction

- - -D.-D
el e A LI (39)

which includes both the retarded electromagnetic interaction a.nd the
relativistic current density. If the plane-wave radiation fileld |is
expanded in spherical waves, describing photon states of definite angular
momentum and parity, and only the electric-dipole contribution is retained,
the relativistie dipole operator which is obtained in the length gauge can
be redyced, in the long-wavelength limit, to the familiar nonrelativistic
length form.
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The unperturbed autoionization and radiative decay rates esployed in
this investigation have been calculated using two different relativistic
atomic structure codes. The majority of the ‘autoionization and radiative
d'ecay rates and all of the photoionization cross sections were obtained by
evaluating matrix elemeants of the nonrelativistic forms of the transition
operators between multiconfiguration intermediate-coupling eigenstate-
expansions which were gmratid by the atomic structure code developed by
Cann35. The atomic wave functions provided by this atomic structure code
are solutions of equations in the Hartree-Fock form, which incorparate sone

of the lowest-order relativistic corrections within the framework of a non
relativiatic procedure. For autoionization from the sz 3?, and 1s2s2p

~P5/2 metastable states, wvhich can only occur by means of the spin-spin
interaction, it s necessary ¢to ev_l.luaf.e a relativistic form of the

radiationless transition operator using solutions of the Dirac-Hartree-Fock
equauona37. The fully-relativistic Auger code created by t‘:nem3a has been
employed for this purpose. o )

The unperturbed autoionization and radiative decay rates, together
with the photon wavelengths and the Fano line-profile parameters, are
presented in Table I and II for radiatively stabilizing transitions from
the 22°2L° and the 1s2%°2L°° autoionizing sf:ates, respectively. There is
no entry for the 1s2s2p %5/2 metastable state, from which radiative decay
can only occur by means of a very weak magnetic—quadrupole transition. The
Fano 1line-profile parameters for the quartet autolonizing states of the '
lithium-like ion are not presented; they are defined in terms of matrix
elements for spin-forbidden photoelectric transitions, for which.”
nonvanishing results ocannot be obtained by using the approximation
available for the electron—continuum wave functions. For most of the
intense satellite lines, the relativistic corrections to the electric-
dipocle radiative decay rates are found to be less than S%. However, the
relativistic corrections to the autoionization ratés are found to be more
significant, particularly when autoionization cannot occur by means of the
instantaneous Coulomb interaction.

The electron collisional rate coefficients obtained using the Bethe
approximation for dipole transitions between the 2L°21°° autolonizing
states are _presented in Table III, and the corresponding results for the
182L°2L°° autoionizing states are tabulated in Table IV. The collisional -
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rate coefficients for selected transitions are compared with the results
obtained from more elaborate distorted-wave calculations2’ for helium-like
and lithium—like ions in Figures 3 and 4, respectively. The dirrereneeé
revealed by these comparisons.are probably within the expected aecu%acy-or
both scattering approximations. The Bethe approximation has also been
employed to evaluate the rates for collisional excitation of an inner-shell
electron, and selected comparisons between the results obtained from the
Bethe and distorted-wave calculations are illustrated for helium-like and
lithium-like ions in Figures 5 and 6, respectively. 1In this case the
agreement between the results obtained by the two different methods Iis
closer than anticipated; the Bethe approximation is questionable for
transitions involving large energy-differences, for which the threshold
region of the cross sections provides the dominant contribution to the
excitation rates in the most important temperature range. In order to
obtain more accurate results for the electron collisional rates, it will
probably be necessary to perform fully-relativistic 'coupled—ehannei
calculations, in which the collision channels corresponding to all ne=2
bound excited and autoionizing states are included in the electron-
continuum wavefunction—expansions.

B. Effects of Radiative_ Corrections in Low-Density Plasmas

The unperturbed autoionization and radiative decay rates together with
the parameters QF and ¥ have been employed to evaluate the effective decay ~
rates, in the presence of the final-state continuum~continuum interaction,
for the satellite transitions in Tables I and II, with the éxception of the
quartet autoionizing states of the 1lithium-like ion. The perturbded
autoionization rates are found to differ from their unperturbed values by
less than 1%, but the radiatively stabilizing transition rates for certain
satellite lines are significantly altered. The effects of the radiative
corrections on the radiative transition rates and on the corresponding low-
density dielectronic recombination rate coefficients are revealed by the
comparisons presented in Tables V and VI, which list the unperturbed and
modified values for the most strongly affected satellite transitions in
helium-like and lithium~like Argon, respectively. For this purpose we have
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evaluated the recombination rates at the representative temperature of kpTe
= 1.6 ke¥, which is near the maximum emission temperature for the K-shell
lines of Argen in & corona equilibrium plasma. There is no appreciable
temperature variation within ‘a 0.5 keV range on either side of this
paximum. _ .

The pcrturbod. and unperturbed values of the low-density dielectronic
ecombination rate ooefficients 'for two strongly-affected satellite
transitions are compared as functions of temperature for helium-like and
lithium—-like argon in Figs. 7 and 8, respectively. Since these satellite
transitions do not produce the most prominent spectral features in low-
density plasmas, we are motivated to investigate the effects of radiative
corrections in high-density plasmas, where the angular-momentum-changing
collisions can dramatically enhance the Intensities of radiative
transitions from the metastable autolonizing levels. ¥We conclude this
subsection by presenting, in Figs. 9 and 10, the temperature variations of
the intensities for the satellite 1lines in helium~like and lithium=-like
argon vwhich are most prominent at low densities. The sum of the
intensities has been plotted for satellite lines which are expected to
overlap. Dielectrdnic recombination is the predominant production
cechanism for the helium-like satellite lines in low-density plasmas, bdbut
inner-shell-electron collisional excitation is important for the q, r, s,
and t satellite lines in the lithium-like ion.

C. Inclusion of Collisional Transitions between Autoionizing Levels

The generalized dielectronic recombination and inner-shell-electron
collisional excitation rates for the most intense satellite lines are
sresented in Tables VII - X as functions of ‘density at the maximum K-shell
enission temperature. The most spectacular effect of the angular-momentum-
changing electron collisions is the sharp rise with increasing density in
the intensities of radiative transitions from the Z’p2 3P1 and 132132 2
Qetastable autoionizing levels, which can not be significantly populated by
the radiationless electron-capture process acting alone. The intensities
Of these satellite transitions are predicted to be relatively weak at low
densities, ©because the alternative inner—shell-electron excitation
Sechanism is efficient only when the excited bound_-states have appreciable
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_ population densities. _ In contrast, only a very weak density-dependence is
predicted for the intensities of radiative transitions from the strongly
autoionizing 2p2 '1D2 and lasz 2D states, which give rise to prominent
spectral features at all densities. | . )

It may be possible to determine the density of a laser-compressed
plasma from the satellite intensity ratios I(16)/1(22), I(17)/I(22),
1(18)/I1(22) and I(a)/I(3), I(b)/I(J), I(e)/I(]), 1(d)/I(J), w-hich are shown
as functions of density at the maximum K-shell emission temperature in
Figs. 11 and 12, respectively. We emphasize that these satellite line
intensity ratios are considerably easier to analyze than the widely-used
ratic of the satellite 1line intensity relative to the resonance 1line
intensity, which may have a substantial contribution from unresolvable
dielectronic recombination satellites. The importance of angular-momentum—
changing electron collisions and radiative corrections is illustrated by
the atriking differences between the unperturbed and modified values which
are predicted for several of these intensity ratios. ’

Angular-momentum—changing electron collisions are also predicted to
significantly alter the satellite 11ne'shapes in high—-density plasmas. The
total line width ru, resulting from all autoionization, radiative decay,
and electron collision processes may be conveniently specified in terms of
the Voigt line—profile parameter defined by 39

rar.

Ala»Tf) = Tx 5o * (40)
D

where AvD denotes the thermal Dopple_r width. The Voigt line-profile
parameters for the satellite transitions in the helium—like and lithium-
like ions of Argon are presented as functions of density in Tables XI and
XII, respectively. The densﬂ:y behavior of this parameter for some of the
most intense satellite lines is illustrated in Figs. 13 and 14. Doppler
broadening is clearly seen to be the dominant mechanism determining the
line shapes below N, = 1022 cn™3, while the electron-impact broadening
resulting from angular-momentum—changing transitions 1is predicted to
prevail for densities béyond He - 102" cln"3. The dramatic change in the
satellite emission spectra, which is predicted to occur in the density

22 28 -3

range 10 £ Ile $ 10" eom -, may provide a spectroscopic indication of

plasma compression in laser—-fusion experiments.
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VY. Coneclusiona

We have investigated the combined effects of radiative corrections and
angular-momentum—-changing electron collisions on the dielectronic satellite
spectra arising from the entire array of radiatively stabilizing electric-
dipole transitions from the n=2 autoionizing states in the helium-like and
lithium-like ions' of argon. These effects are predicted to be most
significant for the satellite lines emitted from the 2p° 3p, and 1s2p? 2%
metastable autoionizing states, which produce prominent aspectral features
in high~density plasmas. Provided that self-absorption of the satellite
radiation can be neglected, it may be possible to utilize intensity ratics
involving these satellite lines for the spectroscopic determimation of

compression in laser-produced plasmas. _

In addition to the limitations imposed by the use of the isolated-
resonance approximation and the neglect of the Stark broadening which
results from the '1on-produeed electric-microfield fluctuations, the
fundamental theory of the satellite line spectra may need further extension _
to remove the artificial distinction between the nonresonant radiative
recombination and dielectronic recombination processes. Alber, Cooper, and
Rauuo have recently presented a unified treatment of radiative and
dielectronic recombination which is based on the evaluation of the S-matrix
describing the entire collision proceas involving photon emission following
electron capture, as first discussed by Davies and Seaton.s This approach
leads to the prediction of additional contributions to the satellite
intensities’ which cannot be simply represented by Feynman—-type diagrams
invalving intermediate autoionizing resonances. Apparently this unified
treatment Iinvolves the abandonment of the Breit-Wigner resonance
approximation.

The theory of dielectronic satelllite spectra_ can also be further
extended to allow for the effects of correlationa (i.e. Werlap in time)
between the electron ocollision and spontaneous decay processes. The
effects of correlations between collision and radiation processes have been
treated  within the framework of the density-matrix description by Ballagh
and COOperM , Who demonstrated that under suitable conditions the coherence
terms can be neglected and the total transition rates can be expressed as
sums of the rates that each individual mechanism would produce when acting
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alone. At very high -dens:l.ties for which many collisions can occur within
the characteristic time for autoionization and radiative decay, the quantum
mechanical phases of the autoionizing states should become sufficiently
randomized to Jjustify the negléct of correlations between the eolulaional
excitation and spontaneous decay processes.
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Table I. Unperturbed. decay rates and Qp-nluos for the satellite transitions

28' 22" + 13 20 in helium~like Argon (Ar XVII).

26

Fano

Radiatively Abbreviated  Photon  Autoionization Radiative.
Stabilizing Notation Wavelength . Rate Decay Rate Line-pro
Tran:}:ion _ X(R) Atg ::Lﬁ A 5::{; Paraon;t
222 's_+ 1a2p ', 1" 3.808 sasans  2.23013) 1.35¢
2e ’s + 1a2p 3p, 2 3.790 3.39(18) 2.m012)  -3.9%(
2s2p p1 - 1a° ’fo 3 1.928 1.90(14) 2.31(10) -6.64(-
2s2p P +1s2s S, 4 3.753 1.90(14) 6.30(13) -1.29(
2s2p p + 1323 3s 5 3.732 1.90(14) 3.28(11) -5.149¢
232p 3? + 523 3s 6 3.765 1.98(13) 6.41(13) 1.04(
2s2p 3r + 182 1s° 7 1.936 1.78(13) 1.31(8) -6.92(-
2s2p 3? » 1828 's_ 8 3.785 1.78(13) 3.56(11) -1.35(
2s2p 39 “ 1823 3s 9 3.763 1.78(13) 6.26(13) -4.33(
2s2p 3’2 + 1328 331 10 3.760 1.85(13) 6.28(13) ~4,66(
2p? 's_ » 182p 'P, 1 3.742 1.91(13) 1.06(14) -1.22(
2p° 's, » 182p 3¢, 12 3.724 1.91¢13) 5.87(10) 2.29¢
2p° 3p + 1s2p 'p, 13 3.784 1.15012) 6.94(11) 1.09(
2p® 3? + 1a2p 3¢, 14 3.766 1.14(12) 1.25(14) 1.80(
2p2 3? + 1a2p 'p, 15 3.782 7.71(10) 5.03(11) -9.60¢
2p® 3?, + 1s2p 3 16 3.763 7.71(10) 3.17(13) “1.71¢
2 3p, + 1s2p p, 17 3.764 7.71(10) 3.08(13) 8.01¢(
zp2 %, + 182p 3r2 18 3.768 7.71(10) 5.23(13) -5.08(
292 3p, » 132 'p, 19 3.179 2.05(13) 3.88(12) 1.450(
2p® 3p2 + 1s2p 3p1 20 3.762 2.05(13) 3.26(13) -2.96¢
292 3p, + 132p 3, 21 3.765 2.05(13) 8.86(13) 3.35(
2p° 'p, + 1s2p 'p, 22 3.769 3.27(18)  1.19(14) 1.99¢
2p° ', = 1s3p %, '23 3.752 3.27(14) 5.28(8) -1.17¢
2p® "o, + 183p %, 21 3.755 3.27(18) 5.28(12) 1.51(

'*Numbera in parentheses are povers of ten.
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172

Abbreviated
Notation

<Bﬂll'!.ﬂ'd°:l§l-‘l"-hhﬂ'ﬂﬂoﬁﬂcﬂ

Photon
Wavelength
A(R)

3.985
3.981
3.990
3.986
5.011
4.013
4.009
5,015
k.010
3.992
3.989
3.993
3.967
3.963
4.070
4.066
3.981
3.984
3.968
3.969
4,013
4.014

*Numbers in parentheses are powers of ten.
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Autoionizing

Rate
A (a*lfa

1.01(13)*
1.01(13)
1.56(11)
1.56(11)
1.60(12)
5.23(10)
5.23(10)
4.70(7)
8,70(T)
1.25(14)
1.16(14%)
1.16(14)
2.04(13)

2.04(13)

1.08(14)
1.08(14)
2.80(12)

1.28(13)

8.27(13)
7.23(13)
1.00(10)
1.00(10)

Radiative
Decay Rate
) A (aof)

1.58(14)
9.54(12)
4.60(13)
1.19(14%)
6.29(11)
3.37(11)
2.21(9)

7.80(9)

3.94(11)
5.29(13)
6.32(13)
3.51(11)
4.45(13)
8.63(12)
3.13(12)
1.98(12)
1.05(14)
8.88(13)
6.29(12)
2.30(13)
4. 71(11)
1.63(11)

Fano
Line=pro
paramet

Qe

3.27(
~1.17(
-1.12(

2.54(

2.26¢(
8.91:
=4 ,70¢
-9.54¢
-5.91
-1.12
-1.26
-7.53
6.36
-6.09
1.30



Table III.

Electron collisional rate coefficients for transitions between

the autolonizing states 28' 21" in hellium-like Argon (Ar XVII),

evaluated at két. = 1.6 KeV in the Bethe Approximation.

Transition
a+a’

1

232p P »> 23
- zszp 3? - 28

29 s -
2pz 3? >
2? %, -
&>
<&
p° °p, -
S »
23°,

sz 3? >

->
L
<>

-

¢

*Numbers in parentheses are powers of ten.
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SO
S
252p P
2s2p P
2s2p 1?
2s2p 'P
2s2p 'P
292p 3?
232p 3.

-8 ab - s - O

&
g
.éﬂ

N N NN =~ o s = -a

2s2p 3p
232p 3?
2s2p 3?
2s2p 3?
2s2p p
2s2p p

Energy Level
Separation
AE(a+a')

_ (Rydbergs)

2.35
3.22(-1)*
1.90
8.13(=1)
6.90(~1)
5.16(-1)
t.2(~1)
1.43
3.93
1.21
1.33
1.51
2.14
1.1
1.28
1.92

28

Excitation
Rate Coefficient

C_(a'+a)

(J’ sec”!)

8.97(-10)
1.39(~16)
6.80(-10)

. 9.99(=12)

1.30(-12)
6.81(~11)
1.88(~9)

8.03(~10)
1.22(-13)
2.81(~10)
2.02(~-10)
3.34(-10)

2.85(-12)

2.10(=10)
5.79(-10)
3036(-11)

De—excitation
Rate COerIcient

(ava')

(en:5 sec”1) .

3.05 (~10)
4.66 (-17)
2.07(-9)
3.02(-11)
1.31(-12)
8.10(-11)
1.13(-9)
2.71(-10)
3.79(-13)
8.51(-10)
2.08(-10)
2.02(-10)
1.78(-10)
3.54(-10)
5.85(-10)
3.52(-11)



Table IV. Electron collisional rate coefficients for transitions
between the.autoionizing states 1s28'2%' 1in lithium-like Argon
(Ar XVI), evaluated at kpT, = 1.6 KeV in the Bethe approximation.

Energy Level Excitation

5/2

*Numbers in paﬁentheses are powers of ten.

29

Transition De-excitatior

a+a' Separation Rate Coefficient. Rate Coefficier
AE(a»a') (a‘*a) ) C (a+a')’

(Rydbergs) (c;§ sec” ) (cu:5 sec”)
'1323( s,)2p 2Py, * 1s2s° %, ,, 2.30 - 1.90(-12)% 1.93(-12)
102s('s )2 2y, + 1028 35, 2.43 7.25(-11) 3.70(-11)°
1azs(3s y2p 2P, ,, 18252 zs"2 3.15 3.62(-10) 3.75(~10)
1s2s( s 12 %Py)p * 1sz=2 %,, 3.2 8.54(-10) 4.39(-10)
152p2 zsu2 - 1;2:( s,)2p 2? \/2  3.52 1.36(-11) 1.50(=11)
152° s, ,, + 132s( % o)2P 2’3/2 3.39 2.67(-11) 5.49(=11)
1a2p% %5, » 1szs(3s y2p P, s 2.68 5.32(~10) 5.44(-10)

152p° 35, ,, + ts2a(’ s )2p 2’3/2 2.61 5.17(~10) 1.06(-9)
1s2p 2., + 1szs( 5 )2 2Py, 2.23 5.24(-10) 5.33(-10)
1s2p2 2p,,, + 1s28(’s )zp 2P3,2 2.09 1.54(-10) 2.92(-10)
182p° %p, , 1szs(3s y2p %, 1.38 1.80(~11) 1.82(=11)
182p> + 132s( s )2p 1.33 2.76(-13) 5.58(-13)
g 2 1/2 ) 2 32 -
182p° Py, * 1s2=( s o)2P Pi/2 2.47 2.59(-10) 1.32(-10)
182p° 2r3,2 - 1825('s. o)2P 2Pyz 2.34 5.19(~10) 5.30(-10)
102% %p, , 1szs(3s y2p 2P, ,, 1.62 1.05(~10) 5.33(-11)
182p° 2P3/2 + 1s2s( s )2 2?3/2 1.56 1.11(-10) 1.13(-10)
1s2p° 2p, ,, + te2s(_ 1g J)2p 2Py s 2.02 8.76(-12) 1.46(-12)
182p2 2p_,_ + 1s2s(’ s 5)2P 2, 1.89 1.12(-10) 1.13(-10)
5 223/2 2002 Pz

1s2s D3/2 + 1s2s( S )2p P, ,p 1.17 1.82(-9) 7.18(=10)
182p% 2, + 1828 3, ,)2p 2?3/2 1.11 8.34(~11) 8.42(-11)
C1s2p? Pp ), 1=zs(‘s )2p 2’3/2 1.94 9.80(~11) 6.64(~11)
182p% %, + 1323(33 )2p 2? 1.17 1.26(-9) 8.49(~10)



Table Y. Effects of the final—-state interaction for selected dielectronic recambination
satellite transitions in helium-like Argon (Ar XVII) at low electron densities.

Radiatively

Stabilizing

. Transition
af

2s2p 'p, + 1a° 'S
2s2p 3?, + 13
2s2p 3?, ~ 1328 's

sz 150
2pz 3P°
2° %,
2p° 3p
2p? 3
2p2 3? >
2p% 3p

2p2 'p

->
->
>
L 4

->

-l b

&>

N N =

>

*Numbers in parentheses are powers of ten.

o
2 ls°
1s2p 3p
1s2p 1?
152p 'p
1s2p 3?
1a82p 3?

1s2p

1s2p 1?
3

-l -h -h

o

1s2p

- =t N -

Abbreviated

Notation

30

Radiative Decay Dielectronic Bnecnbin‘ir
Rates (sec™') Radiation Bats Coefficien

(cm® sec™') for kgT, = 1.6
and ¥, = 10'%a™3

A.(asf) X (asf) apglie*ast)  aplic,+a
2.31(10)* 1.4 (11) 1.59(=17)  T7.17(-1T)
1.31( 8) 5.16( 9) 2.69(-20) 1.06(-18)
+ 3.56(11) 3.69(11) 7.33(~-17) 7.59(-17)
4.87(10) 3.59(10) 2.23(-18)  2.10(-18)
6.95(11) 3.78(11) 1.93(-18)  1.049(-18;
5.03(11) 6.87(11) 2.85(~-19) 3.86(-19)
8.17(13) 8.99(13) 2.37(=17) 2.80(-17)
3.08(13) 2.06(13) 1.75(-17) 1.16(~1T)
5.23(13) 5.56(13) 2.97(-17)  3.12(-1T)
3.88(12) 3.57(12) 8.40(-16) T.72(~16)
5.28( 8) 1.310 9) 5.85(-19)  1.46(-18)



Table VI. Effects of the final-~state 1nteraction. for selected dielectronic recombination
-satellite transitions in lithium=-like Argon (Ar XVI) at low electron densitiés.

Radiatively Abbreviated - Radiative Decay

Stabilizing Notation Rates (sec™!)
Transition
" arf

A(ef) K (e

22 2
252 %, 5 + 1020 :P,,z n 8.63(12)*  8.65(12)
s2p "i/z + 1s72p "P; d 1.19(1%) 1.10(15%)
s2p® zré,z - 1522p zpi/z b g.54(12) 9.86(12)
2p® 2r1/2 - 2zp 2P3,2 e 5.60(13) 5.56(13)
2 2 . - . -
sZp 2.  +isp B a 1.48(14) 1.47(14)

5 2 3/2 2 5 3/2 1.488(1 14701
s2p” "Dy, + 1872p Py, L 3.511)  3.60(11)

.umbers in parentheses are powers of ten.

Dielectronic Recombinat:
Radiation Rate Coefficier
(cm® sec”!) for kpTe=1.6

" and Ng=101%mn3" -

(1c,+a+f) . (ic, +a+1
%pr‘ €4 %pR'*€4

3.18(-15) 3.19(~1¢

1.49(=16) 1.38(-1¢
1.48(=15) 1.53(-1
5.76(=17) 6.93(-1"
2.30(~14) 2.29(-1
5.88(=16) 6.03(-1



Table YII. Dielectronic recombination radiation rate coefficients
%n(itl’a-’r) (3 scc-1) for the most intense 28' 21" + 1s 2%
satellite transitions in helium-like Argon (Ar XVII), evaluated at

ka‘r. = 1.6 KeV and for npr'esentatlvo electron densities "e‘

iumbers in parentheses are powers of ten.

32

Stanilizing ' | ' '

tabilizing N, = Ny = N_ =5.0 N, -

T"ﬁ:ﬂ?’°“ 1;1°cn'3 1;2° o3 1;23 cn™3 x‘1023 cn™3 1;2" cn™3

{abbreviated

notation)
1 6.38(-15)* 6.48(-15) 6.16(~-15) 5.49(~15) 5.06(-15)
4 4.33(-14) 8.33(-14) 4.06(-18) . 3.91(-14) 3.78(-14)
6 3,71(-15) B.70(-15)  3.02(-15)  2.95(-15) 3.47(-15)
9 1.28(-14) 1.28(-18) 9.60(-15)  9.95(~15) 1.13(-18)
10 1.83(-14) 1.82(-13) 1.67(-14) 1.87(-14) 2.11(-14)
1" 4.87(-15) §.90(-15) 1.58(-14) 1.97(-13) 1.97(=14)
14 3.87(=16)  3.53(-16)  3.07(-15)  5.60(-15) 7.01(~15)
16 2.79(~17) 3.43(-17) 2.98(-15) 6.02(~15) 7.78(-15)
17 1.15(=17) 1.52(-17) 1.23(-15) 1.49(~15) 3.22(-15)
18 3.12(-17) " 3.83(-17)  3.33(-15)  6.72(-15)  8.68(-15)
19 7.72(=16)  T.T2(=16)  8.75(~16) 1.08(-15) 1.18(-15)
20 7.10(=15) 7.10(=15)  8.05(=15) 9.56(~15) 1.08(~13)
21 1.92(-14) 1.92(-14)  2.18(-14) 2.58(-18)  2.93(-1%)
22 1.31(-13) 1.30(-13) 1.30(-13) 1.24(=13) 1.18(-15)
24 5.86(-15)  5.86(=15)  5.79(-15)  5.54(-15)  5.29(-15)



Table VIII. Dielectronic recombination radiation rate coefficients
apg (1, +a=1) (ca® sec™') for the most intense 1s2L'2L" + 15222
satellite transitions in lithium-like Argon (Ar XVI), evaluated at

kpTq = 1.6 Kev'and for represerntative electron densities N..'.

*Numbers in parentheses are powers of ten.

2.30(~13)

- 33

iy .. -

Zing y o N,= - Ny = N, = 5.0 N, =

Tr":-irum 1;"’ cn”3 1;zo en™3 1;23 ™3 ; 1023¢em™3 1;2" a3

(abbreviated . .

notation

a 2.29(-14)* 2.30(~14) 3.56(-14) 9.12(~14%) 1.10(=13)
b 1.53(-15)  1.58(-15)  3.07(-15)  6.10(~15)  7.39(-15)
e 6.93(-17)  T.31(-17)  3.15(-15)  1.10(-18)  1.56(~14)
d 1.38(-16)  1.45(=16)  6.25(=15)  2.19(=13)  3.11(=-14)
3 1.88(=13)  1.88(=13)  1.483(-13)  1.26(-13)  1.14(-13)
k 1.06(-13) 1.06(-13) 1.03(-13) 9.21(-14) 8.45(-18)
l 6.03(-16) 6.03(-16) 5.85(-16) 5.23(-16) 4.81(~16)
n 1.68(-14)  1.65(-14)  3.19(-18)  3.16(-14)  2.93(~13)
n 3.19(-15)  3.20(-15)  6.19(-15)  6.14(-15)  5.70(~15)
o 3.97(=15)  3.97(-15)  3.35(-15)  2.64(-15)  2.34(-15)
P 2.51(~15) 2.51(-15) 2.12(-15) 1.67(=15) 1.48(~15)
q 6.18(-15)  6.23(-15)  3.76(-13)  T.41(-14)  8.64(-14)
r 1.87(=18)  1.87(-18)  1.25(-18)  2.08(-18)  2.73(-1%)
8 1.54(=-14) 1.54(-14) 1.20(-14) 1.00(~14) 8.99(-15)
t 2.30(-114) 1.98(-14)  1.72(-14) 1.57(-14)



Table IX.

Inner—ahell-electron'colltaional excitation radiation rate

3

coefficients cr(b¢u*f) (cm soe") for the:unat intense 22'23" + 1s2%
satellite transitions in helium-like Argon (Ar XVII), evaluated at
kgTq = 1.6 KeV and for representative electron densities N,.

Radiatively
Stabilizing
Transition

a»f

(abbroviatod'

notation

1010 cn™3 1026_00’3 1023 en™3

5.80(-19)% 2.20(-17)

7.22(-13)
5.45(-34)
1.38(-14)
3.03(-32)
6.61(-26)
1.748(~27)
2.34(-28)
9.69(-29)

2.61(=28)

2.09(-28)
1.92(-27)
5.21(-27)
5.71(-26)
2.54(~-27)

b = 1328 'S,

9.40(~15)
7.21(-13)  3.94(-13) -
9.76(-22) 3.89(~16)
1.37¢-18)  1.08(-14)
§.28(-20) 8.95(-15)
6.59(-16) - 1.35(~13)
1.78(-17)  6.44(-15)
2.33(-18)  1.84(-15)
9.67(-19) T.62(-16)
2.60(-18)  2.05(-15)
2.09(-18) 8.80(-16)
1.92(-19) 8.09(-15)
5.20(-17) 2.19(-14)
5.70(-16) 2.47(-13)
2.54(=17) 1.10(-14)

34

1102? m ™3

1.86(-14)

2.20(-13)

3.38(~-15)
1.78(=14)
3.17(=14)
1.08(-13)
1.23(-14)
9.51(~15)
3.93(-15)
1.06(~14)
1.96(-15)
1.80(-14)
§.87(-14)
3.77(=13)
1.68(~14)

102% o3

1.51(-14)
1.77(-13)
6.41(-15)
2.50(-1%)
B.6T(-14)
9.20(=14)
1.71(=14)
1.64(~14)
6.81(-15)
1.83(-14)°
2.72(-15)
2.50(-14)

 6.TT(=14)

3.88(-13)
1.73(-14)



9.78(=-22)
1.21(-15)
2.55(-13)
7.57(-13)
1.32(~12)
1.23(-28)
3.36(-26)
3.96(=26)
1.64(-26)
§.52(-26)
3.97(=27)
3.65(-26)
9.88(-26)
2.05(-2T)
9.14(-29)

7.56(-15)
3.04(-18)
1.00(~20)
1.14(-19)
4.01(-19)
5.55(-13)
1.98(-15)
8.32(-15)

-1.78(-15)

5.82(-15)
2.32(-15)
2.13(-13)
5.78(-14)
8.23(-13)
3.66(~14)

3.69(-20)
1.21(-15)
2.55(-13)
7.56(-13)
1.32(-12)
1.23(-18)

13.35(-16)

3.95(=16)
1.63(-16)
§.81(-16)
3.96(-1T)
3.64(=16)
9.87(-16)
2.05(-17)
9.54(-19)

7.56(-15)
8.26(-16)
1.80(-18)
1.38(-17)
5.30(-17)
4.54(-13)
1.98(~15)
4.32(-15)
1.78(=185)
4.82(~15)
2.32(~15)
2.13(-1%)
5.77(-1%)
8.23(-13)
3.66(-14)

" Table IX (continued)

b= 1s 28 33,

1.09(-16)
§.60(-15)
1.60(~13)
4.60(-13)
T.71(-13)

.1.61(-15)

1.19(-13)
1.843(-13)
5.93(~13)
1.60(~13)
1.48(~13)
1.36(-13)
3.69(~13)
1.19(-18)
5.32(-16)

1.06(=15)
1.60(-14)
1.08(-13)
3.05(-13)
§.93(~13)
7.91(-15)
1.49(~-13)
1.81(-13)
7.49(-14)
2.02(-13)
1.94(-13)
1.78(-13)
3.83(-13)
8.33(-11)
1.92(=15)

b= 1s2p 'p,

9.28(-15)
1.33(-13)
1.13(-15)
6.91(-15)
2.31(-14)
2.16(-13)
4.17(-15)
5.35(=15)
2.21(-15)
5.96(~15)
2.08(~-15)
1.91(-1%)
5.18(~14)
7.35(-13)
3.27(-14)

1.57(-14)

1.70(-13)
5.25(-15)
2.10(-14)
4.95(-14)
1.32(-13)
1.36(-14)
1.487(-14)
"6.10(-15)
1.64(-14)
2.96(-15)
2.72(-14)
7.37(-1%)
6.49(-13)
2.89(-14)

35

2.12(-15)
2.48(-1%)
8.99(-14)
2.53(-13)
§.06(-13)
1.29(-1%)
1.39(-13)
1.69(=13)
7.00(-18)
1.88(-13)
1.84(-14)
1.69(-13)
4,.59(-13)
7.08(-1%)
3.15(=15)

1.66(-14)
1.69(-13)
9.17(-15)
3.24(-14)
6.72(-14)
1.13(-13)
2.13(-14)
2.35(-14)
9.74(~15)
2.62(-1%)
3.85(-15)

" 3.58(-14)

9.60(-1%)
5099(-13,
2.66(-14)



2.66(-286)

3.31(-22)

1.30(-18)

5.21(~35)
5.81(-32)
9.17(-13)
3.79(-13)
1.02(~12)
4.68(-33)
5.31(-33)
1.16(=31)
2.04(-33)
9.10(=35)

8.08(-16)
6.23(-21)
2.94(-19)
1.91(-18)
1.28(-18)
1.91(-16)
6.45(-13)
1.26(-13)
5.24(=-14)
1.81(=13)
2.08(-14)
1.91(-13)
5.18(-13)
8.87(-18)
3.95(-19)

Table IX (continued)

2R

b = 1s2p 3P,

" 1.82(-23) 2.83(-17)
5.99(~19) 1.19(-15)
3.83(-16) 1.29(~13)
2.93(~16) 1.11(-13)
5.31(~16) 1.948(-13)
5.96(-22) §.16(-16)
1.29(-19) 2.90(-13)
9.17(-13) 6.12(-13)
3.79(-13) 2.53(-13)
1.02(-12) 6.82(-13)
1.58(-20) 3.70(-15)
1.45(-19) 3.40(-13)
3.93(-19) 9.22(-14)
8.32(-21) 3.02(~15)
3.70(-22) 1.34(-16)

b = 1s2p 3P,
8.08(-16) 7.57(=16)
1.08(~-17) 4.58(-15)
5.29(-17) 2.23(-14)
4,78(-16) 1.62(-13)
3.52(-16) 1.35(-13)
1.91(-16) 1.65(~15)
6.85(-13) 4,19(~13)
1.26(-13) 1.05(-13)
5.23(-18) 4.36(-14)
1.81(-13) 1.17¢(=13)
2.08(-14) 1.68(-14)
1.91(-13) 1.51(-13)
5.18(-13) 4.09(~13)
8.88(-18) §.54(-15)
3.95(-19) 2.02(-16)

5.75(=16)
8.66(-15)
1.22(-13)
1.61(-13)

" 2.65(~13)

8,27(~15)
7.88(~14)
3.45(~13)
1.42(-13)
3.84(-13)
1.04(=14)
9.58(~14)
2.59(-13)
2.33(-14)
1.04(-15)

1.10(~15)
1.11(=14)
3.77(-14)
1.76(-13)
1.94(-13)
5.49(=15)
2.28(-13)
1.06(-13)

.38(-14)
- 1,18(=13)

1.39(-14)
1.28(-13)
3.47(~13)
2.54(-14)
1..13(-15)

1.34(=15)
1.57(=1%)
9.85(~14)
1.58(~13)
2.57(-13)
8.18(~15)
8.70(=1%)
2.53(=13)
1.08(-13)
2.82(-13)
1.16(-1%)
1.07(-13)
2.90(-13)
4.48(~18)
1.99(-~15)

1.62(-15)
1.62(-14)
3.88(-14)
1.58(=13)
1.91(-13)
8.46(-15)
1.68(-13)
9.98(-14)
8.13(-14)
1.11(-13)
1.28(-14)
1.14(-13)
3.09(=13)
5.33(-14)
1.93(-15)



1.79(-27)
2.22(-21)
5.79(-19)
1.29(-18)
2.09(-18)
2.25(~34)
5.72(~-32)
2.06(-13)
8.52(-14)
2.29(-13)
3.40(-14)
3.12(-13)
8.46(-13)
2.15(-14)
9.60(~16)

Table IX (continusd).

b= 132p 3p,

. 8.56(~22)

1.49(-17)

8.59(~17)

2.16(-16)

" 5.748(~16)

1.37(=20)

- 9.62(-20)

2.05(~13)
8.51(~14)
2.29(~13)
3.39(~14)
3.12(-13)
8.45(-13)
2.15(-1%)
9.60(~16)

1.56(-16)

| 6.58(-15)
- 3.29(-1%)

8.51(-14)
2.05(-13)
2.26(~-15)
2.21(-13)
1.55(-13)
6.u5(-1%)
1.73(-13)
2.51(-14)
2.31(-13)
6.26(-13)
2.35(-1h)
1.05(-15)

#Numbers in parentheses are powers of ten.
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9.77(-16)
1.47(-14)
3.62(~14)
1.25(-13)
2.48(-13)
T.24(-15)
6.13(-14)
1.29(-13)
5.36(-14)
1.44(-13)
1.80(-14)
1.66(-13)
3.49(-13)
3.20(-1%)
1.88(-15)

1.73(-15)
2.02(-1%)
§.49(~11%)
1.23(-13)
2.28(~13)
1.05(~1%)
6.82(~14)
1.15(~13)
8.77(-1%)
1.28(~13)
1.50(~14)
1.38(~13)
3.74(-13)

5.94(-18) -

2.648(~15)



Table X.

Inner—-shell—-electron collisional excitation radiation rate
coefficients cr(b sa+2) (cm3 sec”!) for the most intense

1s22'2¢e" » 15728 satellite transitions in lithium—-like Argon (Ar XVI)
evaluated at kBT‘ - 1.6 Kov and for representative electron densities Ng.

Radiatively N P

Stabilizing
Transition

a-~rt

(Abbreviated

notation)

& B 9 0 U 0 ¥ H M X LA o

1019 o3

2.36(-25)"

1.58(~16)
5.20(-26)
1.03(-15)
2.28(-26)
§.22(~26)
2.40(-28)
3.31(=26)
6.44(-27)
8.32(-19)
5.26(~19),
§.29(-12)
1.63(-12)
1.82(~-14%)
1.14(-13)

Ne = . g =
1020 @3 1023 n3
b= 1s%2s 3%, ,,

2.36(~15) 9.38(-13)
1.58(-16)  6.28(-14)
1.19(~16) 2.12(-13)
1.03(~-15) §.21(=13)
2.28(-16) 1.03(-13)
§.21(-16)  1.85(-13)
2.%0(-18) 8.25(-16)
3.30(-16) 5.91(=14)
6.81(-17)  1.15(=14)
1.51(=17) 3.73(~=15)
9.52(-18) - 2.36(-15)
8.29(-12)  2.54(-12)
1.62(-12)  1.08(-12)
1.82(-18) ©  1.48(~14)
1.18(=13)  5.28(-14)

38

- X10°3 o3

1.16(-12)
T.Th(-13)
2.63(-13)
5.21(-13)
2.40(-13)
2.57(-13)
1.80(-15)
8.51(-13)
1.66(~14)
6.07(~15)
3.84(~-15)
1.38(~-12)
6.36(-13)
2.25(~18)
5.19(-14)

102% g3

1.07(-12)
T.14(-14)
2.37(-13)

8.70(-13)

3.00(-13)
2.79(-13)
1.59(=15)
9.55(-14)
1.86(-14)
6.95(-15)
8.40(-15)
1.06(-12)
4.95(-13)
2.62(-14)
5.47(-14)
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*Numbers in parenthese are powers of ten.

¢ & 71T 0 v 0 3 B H X LA 0 O

3.63(-13)
2.43(-14)
7.75(-13)
1.54(-12)

5.60(~13)

9.37(-13)
5.33(-15)
1.05(-13)
2.04(-1%)
1.27(-15)
8.04(~16)
1.51(-17)
1.61(-17)
7.04(-19)
2.03(-18)

2.72(-12),
1.82(-13)
1.96(-13)
3.89(-13)
5.01(-13)
2.68(~-15)
1.52(~17)
2.76(-13)
5.36(-14)
1.01(~15)
6.38(~16)
3.11(~17)
1.13(-17)
2.03(-18)
3.54(-18)

Table X (continued)

b= 1s%2p %, ,,

3.63(-13)
2.43(-1k)

- TT8(-13)

1.548(-12)

" 2.07(~19)

9.37(~13)
5.33(-15)
1.08(-13)
2.03(-14)
1.27(-15)
8.03(~16)
7.19(~16)
7.03(~16)
3.14(-17)
3.03(~16)

5.02(-13)
2.69(~1%)

 5.55(~13)

1.10(~12)
3.95(-1h)
T.22(-13)
§.11(-15)
T.89(-1%)
1.46(-14)

3.12(-15)

1.97(-15)
3.05(-13)
2.79(-13)
8.64(-15)
6.49(-13)

25, 2
b = 18°2p P3,2

2.72(-12)
1.82(~13)
1.96(-13)
3.89(-13)
5.00(-13)
2.68(-15)
1.53(-17)
2.75(-13)
5.35(-14)
1.01(~15)

6.38(-16)

1.19(-15)
3.97(~16)
1.21(-16)
1.14(~16)

2.00(-12)
1.34(-13)
1.65(-13)
3.27(-13)
h.32(-13)
5.38(~14)
3.06(-16)
1.33(-13)

2.58(~11)

3.32(-15)
2.10(~15)
4.63(~13)
1.66(-13)
2.40(-14)
2.30(-14)

39

5.88(-13)

3.94(-14)
3.37(-13)
6.69(-13)
1.65(~13)
4.98(-13)
2.84(~15)
8.51(-18)
1.65(~14)
5.52(~14)
3.49(-15)
4.71(~13)
3.32(-13)
1.77(~14)
6.57(-1%)

1.30(-12)
8072(-1 4)
1.58(-13)

3.18(-13)

3.99(-13)
1.68(-13)
9.58(-16)
1.06(-13)
2.06(-14)
5.95(-15)
3.77(-15)
5.94(-13)
2.38(-13)
2.86(-14)
3.86(-14)

6.25(-13
B.18(-14
2.56(-13
5.09(~-13
2.26(~13
3.13(-13
2.35(-15
8.86(-14
1.72(-14
6.15(-15
3.89(-15
4.84(-13
2.97(~13
2.12(~14
6.06(-14

1.06(-1"
7.06(-14
1.49(-1%
2.96(~1:
3.85(~1;
2.13(-1:
1.21(~1.
1.02(~1:
2.00(-1
6.60(-1-
B.17(-1
5.68(-1
2.34(-1
2.89(—
4 .41 (-1



Table XI. Voigt line~profile parameters for the satellite transitions
22'20" + 1822 in helium-like Argon (Ar XVII), evaluated at
kpTq = 1.6 KeV and for representative electron densities N,.

Radiatively .
Stabilizing Ng = Ng = Ng = Ng = 5.0 Ny =
(:;::::::::d 100 a3 = 102 a3 1023 ;™3 x 10?3 om™3 102" -3

notation) . oo :

a f

1 1.65(-1)® 1.70(-1) 2.13(-1) B.08(=1) 6.42(=1)
2 1.26(=1)  1.30(-1) 3.59(-1)  5.91(=1)
3 1.35(-2) 1.96(-2) 3.06(~1) 5.67(~1)
5 8.66(-2) 1.01(~1) 8.21(-1) 1.55(0)
5 8.61(-2) 9.82(-2) 7.00(~1) 1.31(0)
6 2.88(-2) .  3.37(-2) 2.79(-1) 5.29(=1)
T 1.43(-2) 1.57(-2) 8.86(-2) 1.63(=1)
8 2.79(~-2) 3.52(-2) 1.03(-1) 5.01(=1) 7.78(=1)
9 2.77(-2) 3.27(~2) 7.83(-2) 2.81(-1) 5.34(=1)
10 2.65(~-2) 3.15(-2) 7.71(-2) 2.80(~1) 5.33(~1)
11 8.19(-2) 9.05(-2) 1.68(-1) 5.15(=1) 9.48(=1)
12 3.31(-2) 5.16(-2)  ° 1.28(=1) 3.70¢-1) 8.97(=1)
13 8.32(-2) 8.78(-2) 1.30(~1) 3.16(-1) 5.49(-1)
14 8.80(-2) - 13.85(-2) 8.95(-2) 2.72(=1) 5.99(~1)
15 8.32(~2) 8.77(-2) 1.28(-1) 3.07(=1) 5.32(-1)
16 5.34(-2) 1.78(-2) 8.72(-2) 2.62(~1) 3.81(-1)
17 3.40(-2) 5.85(~2) 8.78(~2) 2.63(-1) 1.82(-1)
18 3.35(-2) 5.65(-2) 7.50(=1) 1.96(-1) 3.48(-1)
19 8.96(~2) 9.41(=2) 1.34(-1) 3.13(=1) 5.37(-1)
20 5.08(-2) 5.48(=2) 9.31(~2) 2.69(-1) 5.87(=1)
21 1.99(-2) 5.29(-2) 8.03(-1) 2.02(~-1) 3.58(-1)
22 1.98(-1) 2.00(-1) 2.50(-1) 5.76(-1) 7.58(~1)
23 1.548(=1) 1.60(-1) - 2.09(=1) 8.31(-1) 7.07(~1)
24 1.56(=1) 1.58(-1) 1.96(-1) 3.65(=1) 5.74(=1)

*Nuzbers in parentheses are powers of ten. 50



Table XII. Voigt line-profile parameters for the satellite transitions
1528°20°° + 13224 in lithiun-like Argon (Ar XVI), evaluated at
kpTe = 1.6 keV and for representative electron densities N,.

Radiatively Ng = Ng = Ny = Ny =50 N =
s')rt::x:slftzi?: 100 @3 1023 1083 ‘xBa3 102 a3
(Abbreviated . o :
notation)
a~+"?f
6.07(-2)"  6.65(-2) 1.19(*1) 3.58(-1) 6.48(=1)
6.06(-2) 6.77(~2) 1.32(~-1) 5.17(-1) - 7.73(~1)
6.03(-2) 6.62(-2) 1.20(~1) 3.58(-1) 6.55(-1)
6.03(-2) 6.74(-2) 1.32(-1) - 4.20(-1) 7.80(-1)
6.46(-2) 7.07(-2) 1.26(-1) 3.72(-1) 6.80(-1)
6.54(-2) 7.28(-2) 1.530(-1) 5.36(-1) 8.08(-1)
6.55(-2) 7.16(<2) 1.27(-1) 3.7T4(-1) 6.82(-1)
2.66(-2) 3.54(-2) 1.15(-1)  4.68(~1) 9.09(~1)
2.65(-2) 3.64(-2) 1.27(-1) 5.28(-1) 1.03(0)
 B.21(-2) 5.02(-2) 1.23(-1)  3.49(~1) 8.56(-1)
5.21(-2) 5.14(-2) 1.36(-1) 5.13(-1) 9.83(~1)
3.90(-2) 5.71(-2) 1.20(-1)  B.B3(-1) 8.47(-1)
3.69(-2)  B.48(-2) 1.13(-1) B.A7(=1) 7.97(-1)
3.21(-2) 8.55(-2) 1.66(-1) 7.00(-1) 1.37(-0)
3.46(-2) 4.83(-2) 1.73(-1)  7.29(-1) 1.52(0)

¢ O 31T 0 T 0 83 B M X tan0 0 O @

Snumbers in parentheses are povers of ten.
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‘riﬂn Captions

Figure 1. The 20°22°° autoionizing levels of the helium-like ion and
the electric—dipole ragliaiivo transitions which produce satellits
lines in the vicinity of the 2p + 1s resonance line from the
hydrogen-1ike ion. i

Figure 2. The 1s20°2.°° autoionizing levels of the lithium—-1like fon and
the electric—-dipole radiative transitions which produce satellite
lines 1n the vicinity of the 1a2p 'P, + 1s% 'S, resonance line from
the helium-like ion.

Figure 3. Electron collisional rate coefficients for selected dipole
transitions between the 2£°22°° autoionizing states in helium-like
argon, evaluated in the Bethe approximation and compared with the
results obtained froa distorted-wave caleulatiom.zn

Figure 4. Electron eoil!.sional rate coefficients for selected dipole
transitions between the 1s2£°2L°° autoionizing states in lithium-like
argon, evaluated in the Bethe approximation and compared with the
results cbtained from distorted-wave calculations.2®

Figure 5. Inner-shell-electron collisional excitation rate coefficients
for selected dipole transitions to the 21°2L°° autoionizing states in
helium~-like argon, evaluated in the Bethe approximation and compared -7
with the results obtained from distorted—-wave calculations.zu

Figure 6. Inner-shell-electron collisional excitation rate coefficients
for selected dipole transitions to the 1s2£°2%°° autoionizing states
in lithium-like argon, evaluated in the Bethe approximation and
compared with the results obtained from distorted-wave ca.lculat:lons.zu

Figure 7. The effects of radiative corrections on the low-density
(ll. - 1010 cn'3_) values of the dielectronic recombination radiation
rate coefficients for selected satellite transitions in helium=like

argon.

42



Figure 8. The effects of radiative corrections on the low-density
(Ng = 10'0 ca™3) values of the dielectronic recombination radiation
rate coefficients for selected satellite transitions in lithium-like
argon.

Figure 9. The 16H-density.(ne = 1010 on™3) values of the satellite line
intensities, per unit electron and hydrogen-like ion densities,
evaluated for helium-like argon taking into account both dielectronic’
recombination and inner-shell-slectron collisional excitation. (The
abbreviated notation is defined in Figure 1.)

Figure 10. The low-density (N, = 1010 cu™3) values of the sateliite line
intensities, per unit electron and helium-like ion densities,
evaluated for lithium=-like argon taking into account both dielectronic
recombination and inner-shell-electron collisional excitation. (The '
abbreviated notation is defined in Figure 2.)

Figure 11. The effects of angular-momentum—changing electron collisions ang
- radiative corrections on selected satellite line intensity ratios in
helium-like argon, evaluated at kgT, = 1.6 keV taking into account
both dielectronic recombination and inner-shell-electron collisional
excitation. (The abbreviated notation is defined in Figure 1.)

- Figure 12. The effects of angular-momentum—changing electron collisions and
radiative corrections on selected satellite line intensity ratios in
lithium-1ike argon, evaluated at kgT, = 1.6 keV taking into account
both dielectronic recombination and inner-shell-electron collisional
excitation. (The abbreviated notation is defined in Figure 2.)

Figure 13. Voigt line~profile parameters for selected satellite transitions
22°20°° + 1s2¢ in helium-like argon, evaluated for kpT = 1.6 keV.

Figure 14, Voigt line~profile parameters for selected satellite transitions
1320°20°° » 122t in lithiuz-like argon, evaluated for kgT, = 1.6
keV.
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